The major excitatory and inhibitory neurotransmitters, glutamate (Glu) and gamma-aminobutyric acid (GABA), respectively, are implicated in the pathophysiology of schizophrenia. N-acetyl-aspartyl-glutamate (NAAG), a neuropeptide that modulates the Glu system, may also be altered in schizophrenia. This study investigated GABA, Glu + glutamine (Glx), and NAAG levels in younger and older subjects with schizophrenia. Forty-one subjects, 21 with chronic schizophrenia and 20 healthy controls, participated in this study. Proton magnetic resonance spectroscopy ( 1 H-MRS) was used to measure GABA, Glx, and NAAG levels in the anterior cingulate (AC) and centrum semiovale (CSO) regions. NAAG in the CSO was higher in younger schizophrenia subjects compared with younger control subjects. The opposite pattern was observed in the older groups. Glx was reduced in the schizophrenia group irrespective of age group and brain region. There was a trend for reduced AC GABA in older schizophrenia subjects compared with older control subjects. Poor attention performance was correlated to lower AC GABA levels in both groups. Higher levels of CSO NAAG were associated with greater negative symptom severity in schizophrenia. These results provide support for altered glutamatergic and GABAergic function associated with illness course and cognitive and negative symptoms in schizophrenia. The study also highlights the importance of studies that combine MRS measurements of NAAG, GABA, and Glu for a more comprehensive neurochemical characterization of schizophrenia.
Introduction
Effective brain and behavior function depends on a carefully orchestrated balance of inhibition and excitation in the central nervous system. That dynamic is dependent on the actions of glutamate (Glu), the principal excitatory neurotransmitter, and gamma-aminobutyric acid (GABA), the principal inhibitory transmitter. A disturbance in the actions of these transmitters is implicated in the pathophysiology of schizophrenia.
1,2 A wide range of pathophysiological and therapeutic studies has implicated glutamatergic alterations in schizophrenia, 3, 4 while evidence for altered GABAergic function in schizophrenia comes primarily from postmortem studies. 2, 5 An endogenous neuropeptide, N-acetyl-aspartyl-glutamate (NAAG), a precursor of Glu, which modulates the Glu system as an agonist of the metabotropic type-3 Glu receptor (mGluR3) and as a weak antagonist of the N-Methyl-daspartate receptor (NMDAR), may be altered in schizophrenia based on postmortem and rodent studies. [6] [7] [8] Proton magnetic resonance spectroscopy ( 1 H-MRS) is a noninvasive technique capable of measuring in vivo Glu, GABA, and NAAG levels in the human brain. Several studies have reported altered Glu, glutamine (Gln), or combined Glu + glutamine (Glx) levels in schizophrenia with conventional spectroscopic methods. 9, 10 GABA and NAAG are difficult to measure with conventional spectroscopic methods at 3 T due to their relatively low concentrations and overlap with other compounds that have more intense signals. However, they can be measured by spectral-editing methods, in particular, the "MEGA-PRESS" editing sequence. 11 To date, there are only a few reports of GABA levels measured with edited MRS in patients with schizophrenia and the results are inconsistent. One study reported increased medial frontal and parietooccipital GABA/creatine (Cr) in chronic schizophrenia compared with controls, but these results may have been influenced by the adjunctive medication used in the patient group. 12 Another reported increased medial prefrontal GABA in unmedicated patients. 13 Other studies reported lower GABA:Cr ratios in the occipital lobe 14 and basal ganglia 15 in schizophrenia. Finally, one study found no significant differences between groups but did find correlations between GABA levels and dosage/ type of antipsychotic medication. 16 To date, there is just a single study of NAAG measured in vivo with MRS in patients with schizophrenia, 17 which found a trend for increased NAAG in the anterior cingulate (AC) and an inverse correlation between frontal lobe NAAG levels and negative symptoms of schizophrenia.
The purpose of this study was to measure GABA, Glx, and NAAG in a medial frontal region that included the rostral AC and the centrum semiovale (CSO) brain region in subjects with and without schizophrenia. These regions were chosen as representative gray and white matter regions, respectively; pathology in the AC region has been implicated in schizophrenia in many studies. 18 The CSO was chosen because it is a representative white matter region and white matter involvement has also been linked to schizophrenia. 19 Because of clinical 20 and neurochemical 21 descriptions suggestive of differential effects in the first 10 years of the illness, we examined younger and older subjects. Based on prior postmortem and MRS studies of schizophrenia, we hypothesized that GABA, Glx, and NAAG would be reduced in the schizophrenia group and more pronounced in the older schizophrenia subjects when compared with controls. AC GABA was hypothesized to be positively correlated to performance on attention tasks (ie, higher AC GABA, better attention performance). NAAG was hypothesized to be negatively correlated to severity of positive and negative symptoms (ie, higher NAAG, lower psychiatric symptom severity).
Methods

Subjects
Twenty-one outpatients with chronic schizophrenia treated with antipsychotic medication and 20 healthy volunteers participated in this study. The inclusion/exclusion criteria for subjects with schizophrenia were as follows: (1) diagnosis of schizophrenia as determined with the Structured Clinical Interview for DSM-IV-TR, patient version, (2) age within 18-55 years old, (3) no current or past neurological condition, (4) no DSM-IV-TR substance abuse or dependence in the last 6 months, (5) clinically stable as determined by their treatment psychiatrist, (6) same type and dose of antipsychotic for at least 3 months, and (7) not currently treated with benzodiazepines or mood stabilizers. All but 2 patients were taking secondgeneration antipsychotic medication. The inclusion/ exclusion criteria for healthy volunteers were as follows: (1) no past or present psychiatric disorder as determined with the Structured Clinical Interview for DSM-IV-TR, non-patient version, (2) age within 18-55 years old, (3) no first-degree relatives with a diagnosis of a psychotic disorder, (4) no current or past neurological condition, and (5) no DSM-IV-TR substance abuse in the last 6 months or dependence in lifetime. Subjects with schizophrenia were evaluated for their ability to provide informed consent before signing consent documents. All subjects gave written informed consent prior to participation in the study. This study was approved by the University of Maryland and Johns Hopkins University Internal Review Boards.
Patients were evaluated for psychopathology with the Brief Psychiatric Rating Scale (BPRS) and the Scale for the Assessment of Negative Symptoms (SANS). All subjects completed the Repeatable Battery for the Assessment of Neuropsychological Status (RBANS) to provide indices of attention (digit span and coding tests), immediate and delayed memory (story and list recall tests), language (fluency), visual spatial construction, and combined score as a measure of general cognitive function. Subjects were monetarily compensated for their time.
MR Acquisition and Analyses
Magnetic resonance imaging (MRI) and MRS were conducted on a 3T "Achieva" scanner (Philips Healthcare, Best, the Netherlands) equipped with an 8-channel "SENSE" head coil. Anatomical T1-weighted images were acquired for spectroscopic voxel placement with a Magnetization Prepared RApid Gradient Echo (MP-RAGE) sequence (SENSE factor 2, 1-mm isotropic voxels, 256 × 256 mm FOV, TR/TE/TI = 8/3.8/842.5 ms, flip angle = 8°). Head position was fixed with foam padding to minimize movement. Spectroscopic voxel sizes were 3.5 × 3.5 × 3.5 cm for a medial frontal region including the AC and 5.0 × 3.0 × 3.0 cm for the CSO. The AC voxel was prescribed on the midsagittal slice and positioned parallel to the genu of the corpus callosum and scalp with the midline of the voxel placed directly above the most anterior tip of the genu of the corpus callosum. The CSO voxel was prescribed on the axial slice superior to the corpus callosum and positioned parallel and midline to the body of the corpus callosum. Voxels were placed to minimize cerebrospinal fluid (CSF) content. Based on the MP-RAGE images, spectroscopic voxels were segmented into gray, white, and CSF tissues using MATLAB code, 22 and metabolite concentrations were corrected for the proportion of CSF. Figure 1 illustrates voxel position and representative spectra.
Conventional MRS. Spectra were acquired with a point resolved pulse sequence ("PRESS", TR = 2000 ms, TE = 35 ms, 2048 points, 2000-Hz spectral width, 64 averages with water suppression and 16 averages without water suppression). Water suppression was achieved using variable pulse powers and optimized relaxation delays (VAPOR) presaturation pulses. Spectra were analyzed using fully automated curve fitting software, "LCModel." 23 The basis set was created from individual metabolites in solution with the same sequence parameters and included aspartate, alanine, GABA, NAAG, Glu, Gln, lactate, myo-inositol (mI), scyllo-inositol, taurine, N-acetylaspartate (NAA), glutathione, glucose, glycerophosphorylcholine, phosphorylcholine, and Cr. Spectra were normalized to the unsuppressed water signal, yielding quantification of the "total NAA" signal (NAA + NAAG), Glx, mI, choline (Cho)-containing compounds, and total Cr in "institutional units." Metabolite concentration uncertainties that exceeded a Cramer-Rao Lower Bound (CRLB), as provided by LCModel, of 20% were considered poor quality and were excluded from further analyses. Spectra were also considered poor quality and rejected from further analyses if the LCModel FWHM (full-width half maximum) exceeded 0.1 ppm. One spectrum from a young control subject was excluded because the CRLB for Glx exceeded 20. Reported results for Glx were derived from the PRESS sequence due to improved conspicuity of Glu + Gln at shorter TEs, [24] [25] [26] although several recent studies have reported Glx data from GABA-selective MEGA-PRESS. 13, 27, 28 Spectral-Edited MRS. The measurement of the relative amounts of NAA and NAAG spectra were acquired with a MEGA-PRESS sequence as described previously 11, 29 (TR = 2000 ms; TE = 140 ms; 40 ms editing pulses applied at 4.61 and 4.15 ppm for selecting NAAG, and 4.84 and 4.38 ppm for selecting NAA; 256 averages). For quantification, the ratio of signal intensity of NAA to NAAG was calculated (using software developed in-house (MATLAB Fig. 1 . Regions of interest used for magnetic resonance spectroscopy (MRS) centered on the anterior cingulate (AC) gyrus (A) and centrum semiovale (CSO) white matter (B). The AC voxel size was 3.5 × 3.5 × 3.5 cm 3 , whereas the CSO voxel was 5.0 × 3.0 × 3.0 cm code and "csx3") 30 and individual NAA and NAAG levels were then calculated by multiplying the relative proportions of NAA and NAAG by the total NAA + NAAG concentration obtained from the LCModel analysis of the conventional PRESS spectrum. For the detection of GABA, spectra were acquired with a MEGA-PRESS sequence (TR = 2.0 s; TE = 68 ms; 14 ms editing pulse applied at 1.9 ppm and 7.5 ppm, 256 averages). For quantification, the integral of the GABA peak as measured in the program "csx3" was referenced to the integral of the unsuppressed water peak. One GABA spectrum from a young schizophrenia subject was not available for analysis.
Statistical Analysis
Demographic variables were analyzed with chi-square tests for categorical data and ANOVAs for continuous variables. Two (diagnostic group) × 2 (age group) × 2 (region) ANOVAs with repeated measures on region were conducted to investigate the 3 metabolites of interest, GABA, NAAG, and Glx. Subject assignment to age group was determined by median split of age (43 years old). Significant effects were followed up with analysis of simple effects and Tukey's B post hoc tests when appropriate.
The relationships between NAAG levels and psychiatric symptom severity and GABA levels and attention scores (ie, digit span and coding tests) were computed with partial correlations controlling for age with Bonferroni-corrected significance level set to 0.0125 and 0.025, respectively. Analyses were conducted with the Statistical Package for Social Sciences (SPSS) version 12.0 software package.
Results
Subject demographic and clinical characteristics by diagnostic and age group are provided in table 1. The duration of illness was significantly shorter for the younger (7.7 years) compared with the older (25.5 years) subjects with schizophrenia (t(1,19) = 7.5, P < .001). There were no significant differences in psychiatric symptom severity between the younger and older schizophrenia groups. As commonly observed, subjects with schizophrenia had significantly fewer years of education as revealed by a main effect of group (F(1,37) = 6.2, P = .018) and significantly lower RBANS total scores as revealed by a main effect of group (F(1,37) = 13.3, P = .001) compared with the control group. There were no significant differences in age (F(1,37) = 0.2, P = .7) or gender (chi square = 1.2, P = .3) between the groups.
Metabolite Levels
N-Acetyl-Aspartyl-Glutamate. Results revealed a significant 2 (diagnostic group) × 2 (age group) × 2 (region) interaction (F(1,37) = 5.8, P = .02). Analysis of simple interaction effects revealed a significant 2 (diagnostic group) × 2 (age group) interaction for the CSO region only (F(1,37) = 11.4, P = .002). For the schizophrenia group, NAAG levels decreased across age group, whereas for the control group, NAAG levels increased across age group. Post hoc tests revealed that the younger schizophrenia group had higher NAAG levels than the younger control group (P = .012) and the older control group had higher NAAG levels than the older schizophrenia group (P = .04). Means (SD) by diagnostic and age groups are displayed in figure 2A .
Glutamate + Glutamine. Results revealed no significant interactions. However, there was a main effect of diagnostic group (F(1,36) = 4.2, P = .048), such that the schizophrenia group had lower levels of Glx compared with the control group averaged across region and age group (average difference = 0.88 + 0.43). Analysis of simple main effects revealed no statistically significant differences between the schizophrenia and control group for AC (P = .082) or CSO (P = .36). There was also a significant main effect of region (F(1,36) = 5.8, P = .02) such that Glx levels were higher in the AC compared with CSO average across diagnostic and age groups. Glx means (SD) by diagnostic group and age group are displayed in figure 2B .
Gamma-Aminobutyric Acid. Results revealed no significant interactions or main effect of diagnostic group. There was a main effect of age group (F(1,36) = 4.7, P = .037), such that the younger age group had higher levels of GABA compared with the older age group averaged across diagnostic group and region. Means (SD) by diagnostic and age groups are displayed in figure 2C . Visual inspection of means suggested that there may be a significant difference in AC GABA levels between the older schizophrenia and control groups only. Therefore, a t test was conducted. Results revealed a significantly lower AC GABA level in the older schizophrenia group compared with the older control group (t(1,18) = 2.25, P = .037). Mean (SD) for all metabolite levels and tissue segmentation for each diagnostic and age group per region are presented in online supplementary table S1.
Relationship to Symptoms and Attention
BPRS negative symptom subscale scores were positively correlated to CSO NAAG (r(18) = 0.59, P = .006; see figure 3A ). Greater negative symptom severity was associated with a higher NAAG level in the CSO. Negative symptom severity was not significantly correlated to AC NAAG. BPRS positive symptom subscale scores also were not significantly correlated to CSO or AC NAAG.
AC GABA was positively correlated to the coding test (r(36) = 0.37, P = .024; see figure 3B ) but not significantly correlated to digit span (P > .025). Better coding test performance was correlated to higher AC GABA levels.
Discussion
To our knowledge, this is the first study to report in vivo GABA, Glx, and NAAG measurements from the same brain regions in subjects with schizophrenia. Subjects with schizophrenia had reduced levels of Glx irrespective of age group and region. This result supports previous studies of subjects with schizophrenia who, like the subjects in IU) for diagnostic group, age group and region (AC left-handed side, CSO right-handed side). There was a significant main effect of diagnostic group (F(1,36) = 4.2, P = .048) with lower Glx in schizophrenia compared with control group averaged across age group and region. (C) gamma-aminobutyric acid (GABA) means (SD) (institutional units, IU) for diagnostic group, age group and region (AC left-handed side, CSO right-handed side). AC GABA levels were lower in the older schizophrenia compared with the older group (t(18) = 2.3, P = .037).
this study, are clinically stabilized with antipsychotic medications. 31, 32 Elevated medial prefrontal Gln, Gln:Glu ratio, Glu, or Glx levels have been reported in the first episode with no or minimal exposure to antipsychotic medication, 13, 33, 34 during the prodromal state, 35 during psychotic state exacerbations, 36 and in those at high risk for developing schizophrenia. 37 This may reflect increased Glu release early in the illness (ie, within the first year of psychotic symptom onset), possibly a downstream effect of NMDAR hypofunction. 38 Increased Glu may play a role in the mechanisms underlying brain volume loss observed early in the illness 39 and reduced neuropil in postmortem tissue. 40 In contrast, medial prefrontal glutamatergic metabolites are reduced when patients are stabilized with antipsychotic medication and during the chronic phase of the illness, as with this study. 31, 32, 41 Low dose, chronic phencyclidine (PCP) exposure results in blunted extracellular Glu release 42 and reduced Glu tissue levels 43 in medial prefrontal cortex. This is consistent with reduced medial prefrontal glutamatergic measurements observed in chronic schizophrenia. A recent meta-analysis on MRS studies of Glu and Gln in schizophrenia provide evidence for elevated medial frontal Glu/Gln values early in the illness and lower in the chronic stage. 10 The omnibus statistical test for GABA was not significant. However, a post hoc comparison test revealed reduced AC GABA in older schizophrenia subjects compared with older control subjects with a large effect size (Cohen's d = 1.02). Due to the a posteriori nature of this statistical test, and the nonsignificant test for age × group interaction, this result should be considered cautiously. Few studies have measured in vivo GABA levels in schizophrenia. One study reported reduced GABA/Cr concentrations in the left basal ganglia but not frontal or occipital-parietal regions in subjects with early-stage schizophrenia compared with healthy subjects, 15 and another reported lower GABA/Cr levels in the occipital region.
14 No significant GABA differences between schizophrenia and control subjects in the medial prefrontal and left basal ganglia regions 16 and increased GABA/Cr in medial frontal and parieto-occipital regions in schizophrenia compared with control subjects 12 have also been reported. In the latter study, concomitant medication use in the patient group may have influenced the results because group differences were not significant when patients taking anticonvulsants were removed from the analysis. 12 This study is unique in that it controlled for concomitant anticonvulsants and benzodiazepines. A recent study reported elevated medial prefrontal cortex GABA in unmedicated schizophrenics vs healthy controls. 13 It is likely that GABA levels are affected by antipsychotic medication. However, additional studies focused on within-subject designs, before and after antipsychotic treatment, are needed to substantiate these findings because the majority of off medication patient GABA values fell within the range of control and medicated subjects. Our results suggest that illness course may affect GABA levels because they were higher in younger subjects with schizophrenia and were lower in older subjects with schizophrenia. GABA levels could be reduced because of lower GABA synthesis, greater GABA metabolism, or reduced GABAergic interneuron density. Postmortem studies reveal reduced expression of the enzyme glutamic acid decarboxylase67 (GAD67) in schizophrenia.
44 GAD67 is responsible for the majority of GABA synthesis and GAD67 levels correlate strongly with GABA tissue levels. To our knowledge, there is no published postmortem evidence suggesting that GABA metabolism is greater in schizophrenia compared with controls, but postmortem evidence suggests reduced GABAergic neuron number and altered GABA-A receptor number in schizophrenia subjects compared with controls. 5 Hence, our results of reduced GABA levels in older schizophrenia subjects likely reflect an interaction between reduced GABA synthesis, compromised GABA interneuron soma size, and diminished dendritic inhibitory neuron arborization in schizophrenia.
Reduced GABA levels correlated with poorer performance on attention tests in schizophrenia subjects. This complements research showing that parvalbuminexpressing GABAergic interneurons generate highfrequency electrical activity (gamma band >30 Hz) that mediate attention processes; gamma band activity is also altered in schizophrenia with likely elevated gamma activity at baseline/resting states and reduced gamma activity during evoked/cognitive states. 2, 45, 46 Furthermore, GABA levels measured with MRS are directly correlated to gamma oscillations in healthy subjects. 47, 48 Preliminary data suggest a similar relationship in schizophrenia with reduced GABA correlating with reduced evoked gamma activity. 49 Affected GABA levels may contribute to the attention processing impairments observed in schizophrenia.
There were two findings with respect to NAAG, which are as follows: (1) higher CSO NAAG was correlated to greater negative symptom severity when covarying for age and (2) CSO NAAG was higher in younger subjects with schizophrenia and declined with age; the opposite pattern was observed in control subjects. A recent study found trend-level elevations in NAAG in the left AC in chronic, medicated subjects with schizophrenia. 17 Lower levels of left frontal lobe NAAG correlated with greater negative symptom severity, which is in contrast to this study. However, it is difficult to compare these studies due to differences in spectral acquisition, analysis methods, and the brain regions assessed. This study is unique in that it employed a spectral-editing technique specifically optimized to detect NAAG, whereas Jessen et al. 17 did not. Our results suggest that illness course impacts CSO NAAG levels because higher levels of CSO NAAG were present in the younger schizophrenia subjects and declined in the older schizophrenia subjects. It is possible that increased CSO NAAG levels in the early phases of the illness serve as a compensatory response to excessive Glu release. As an agonist of the mGluR3 site, NAAG may ameliorate some of the toxic effects of Glu. Increased CSO NAAG levels with normal aging as observed in this study may also reflect this protective mechanism because there is increased vulnerability to Glu-related white matter damage with age. 50 The current results suggest that pharmacological enhancement of NAAG through NAAG peptidase inhibitors may be therapeutic for schizophrenia, especially in older subjects who have low levels of CSO NAAG. These inhibitors 51 and metabotropic Glu receptor (mGluR)2/3 agonists 52-54 prevent the behavioral and physiological effects of NMDAR antagonism in humans and animals by inhibiting Glu release through mGluR2/3 stimulation. Recent clinical trial studies indicate LY2140023, a selective agonist for the mGluR2/3, is as effective as olanzapine in treating positive and negative symptoms in schizophrenia. 55 Because higher levels of CSO NAAG were associated with greater negative symptom severity, it is not clear if this treatment approach will be therapeutic. Nevertheless, it is possible that this approach may be beneficial for patients later in the illness course when levels are lower than normal, or for a select group of patients with low NAAG levels.
Several study limitations deserve discussion. First, the spectroscopic voxel sizes were large and, particularly for the voxel centered on the AC gyrus, did not contain specific, homogenous brain regions. This limits the interpretation of the results' anatomical specificity. It is plausible that the findings would be stronger if the voxel size was reduced and constrained to a specific brain region. Future studies, perhaps performed at higher field strengths and with more sensitive receiver coil arrays, may be able to employ smaller voxel sizes prescribed in specific brain regions. Second, macromolecules (MM) contribute to the GABA peak. While methods are available to account for MM contamination, such as by collecting metabolite-nulled macromolecular spectra, in this study, it was not feasible to collect metabolite-nulled spectra from subjects due to time constraints. Recent advances in MRS sequence development likely to reduce MM contamination could be used in future studies. Third, we did not control for cigarette smoking, and it is possible that nicotine could affect MRS measures. Finally, we could not eliminate the potential confound of antipsychotic medication, which is inherent to the majority of schizophrenia studies.
In conclusion, the results of this study provide support for the concept of altered glutamatergic and GABAergic function in schizophrenia and suggest that MRS measurements of GABA, Glx, and NAAG may be used as biomarkers for schizophrenia. Further studies using MRS combined measurements of NAAG, GABA, and Glu are needed to assess drug effects, disease course spanning from "high-risk" to geriatric samples, and psychiatric state in schizophrenia. Moreover, these results also highlight the importance of further investigations into the relationship between these potential biomarkers and cognition in schizophrenia.
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